
- - - - - - - - - - - - - -- - - - - -  -~ 

. . . . . - . . . . - 

N A S A  T E O H N l G A L  . 
- - - - -- -. - - - - - - -- - . - - - - - -- - - - - - 

- - -  - 

MEMORANDUM 

1 ,  ,,,+ = ,  - 7 ,  r*-*-=. :-3- - .% *.: L- >< -*- 
r I*- "- p -;t,pu5,,, - ,A; - : L$,, I '--::=L-i *;?,%;& ,r7*:*::y-7 g.r t. '?+RELIMINARY INVESTIGATION 

I OF PERFORMANCE OF A 
I WEDGE NOZZLE APPLICABLE TO 

SUPERSONIC-CRUISE AIRCRAFT m i - -  J E: -. ."; 
I (  - -  ' S . '  --:-.:,---.'+'3.:'= v,.y',"r.;;-J-r-,* 

8 .. ,, \ , 8 , :? .+, I _ _  ,..i- ,s J,,-. 1-3 8-, : t,p ,L.,;~...,LJou.L l:!;,->,{'.::=Tr.,'Y-*! ;gLF -;;.:- I . :& L.! i 2 %  -, :- .>- 5 .A ,2- 
. - 

I .. > ---.,: . <, ,+L ,>.- 4 ,  J> . . ~ . ? - + y ~ . ~ > - , ~ . .  , --., - ,,-7 - --- -7 <!Y, .. <- .  c:* , !!-. - - '. 8 - .. - 

c'i&+y Albt" L. Johns and Robert J. Jera'chi 



1. Report No. 1 2. Government Accession No. 1 3. Recipient's Catalog No 

-_A _ -  -_ 
4 T~ i le  and Subtitle PRELIMINARY XWESTI@ATION OF PERFORM- , 1 5. Reoort Dare 

ANCE OF A WEDGE NOZZLE APPLICABLE TO A SUPERSONIC- 

CRUISE AIRCRAFT 
6. Performing Orgar 

" 17 1 
~ization Code 

7. Author(s) 1 8. Performing Organization Report No, 

Albert L. Johns and Robert J. Jeracki 

Lewis Research Center 

National Aeronautics and Space Administration 

Cleveland Ohio 44135 

Technical Memorandum 

National Aeronautics and Space Administration 

15. Supplementary Notes 

16. Abstract 

An experimental cold-flow investigation was conducted to determine the performance of a 

wedge nozzle with a design pressure of 3 1.5. A translating outer cylindrical shroud was 

used to control internal expansion ratio. External flow effects were measured from takeoff 

to Mach 1.0 for a retracted shroud configuration. Subsonic-cruise performance was 

about 1 percent higher than that obtained for a conical plug nozzle. At most Mach numbers 

tested the nozzle efficiency was rather insensitive to nozzle pressure ratio. This insensi- 

tivity to pressure ratio probably resulted from low external drag. In addition, the projected 

area of the primary flap was only 4.8 percent of the maximum model area.  Nozzle efficiency 

at supersonic cruise was about 1 percent lower than that obtained with a typical axisymmetric 
ejector nozzle. 

17. Key Words (Suggested by Author(s)) 18. Distribution Statement 

Propulsion Unclassified - unlimited 

Nozzle 

Unclassified 1 Unclassified 34 1 $3.00 -- ---. 

For  sale by the National Technical lnforrnation Service, Springfield, Virginia 22151 



PRELBMmmY INVESTIGATION OF PERFOaEJlANCE OF A WEDGE NOZZLE 

APPLICABLE TO A SUPERSONIC- CRUISE AIRCRAFT 

by Albert L. Johns and Robert J. Jeracki 

Lewis Research Center 

SUMMARY 

An experimental cold-flow investigation was conducted in the Lewis Research 
Center's static test facility and 8- by 6-Foot Supersonic Wind Tunnel to determine the 
performance characteristics of a wedge nozzle applicable to a supersonic-cruise air- 
craft. This nozzle was designed for an afterburning turbojet engine and had a design 
nozzle pressure ratio of 31.5. Three external shroud lengths were tested in the static 
test facility to simulate translation: a retracted shroud for takeoff; an extended shroud 
(with and without sideplates) for supersonic cruise; and a mid-position shroud (with 
sideplates) for transonic acceleration. A retracted shroud configuration was also tested 
in the wind tunnel a t  subsonic speeds to determine external flow effects. 

The nozzle efficiency at a supersonic-cruise pressure ratio of 29 and a corrected- 
secondary-weight-flow ratio of 0.025 was 97.4 percent, which was about 1 percent lower 
than that obtained with a typical axisymmetric ejector nozzle. Static-pressure measure- 
ments a t  station 8 plane (slightly downstream of the geometric throat) indicated a some- 
what distorted velocity distribution. The flow was sonic over most of the wedge surface 
near the throat but was slightly supersonic (M = 1.2) in the corners and along the inner 
surface of the primary flap. As a result of the throat flow distortion, the pressures 
along the sides of the wedge were initially lower than those on the wedge centerline 
immediately downstream of the throat station. 

The nozzle efficiency and pumping characteristics at takeoff were sensitive to the 

external shroud position. The pumping characteristics were improved by extending the 
shroud but the efficiency was reduced from 96.5 to 94 percent. The efficiency of the 
wedge nozzle was about 1 percent lower than that of a conical plug configuration during 
dry acceleration but was 1 percent higher than the conical. plug at subsonic cruise. The 
wedge nozzle provided a thrust efficiency of about 93 percent at Mach 0.9 over a range 
of nozzle pressure ratios from 3.20 to 5.90. The insensitivity to pressure ratio prob- 
ably resulted from low exterml drag, 



INTRODUCTION 

As part of a program in airbreathing propulsion, the Lewis Research Center is 
evaluating various e h a u s t  nozzle concepts for appfieation to supersonic-cruise aircraft. 
These nozzles must operate efficiently over a wide range of flight eon&tions and engine 
power settings. Such requirements necessitate extensive variations in nozzle geometry, 
including both the primary and secondary flow areas.  The performance of several 
nozzle concepts designed for supersonic- cruise application has been studied and re-  
ported. These include a variable flap ejector (ref. I), an auxiliary inlet ejector 
(ref. 2), and a low-angle conical plug nozzle (ref. 3) .  A fourth configuration that could 
be of interest is a wedge nozzle. This concept is similar to that of the plug nozzle but 
utilizes a two-dimensional wedge rather than a conical plug so  that alternate solutions 
to the mechanical and cooling problems of the axisymmetric plug can be considered. 
The mechanics of achieving a variatjle-area throat may be simplified by varying a por- 
tion of the wedge surface. Accessibility for secondary cooling air is also improved 
through the sides of the wedge. This cooling a i r  can be used to cool the actuator mech- 
anism and wedge surfaces and can be discharged rearward through the trailing edge of 
the wedge. This flow can also be utilized for base bleed, if a truncated wedge proves to 
be of interest. In a manner similar to that of the plug nozzle, a cylindrical shroud is 
translated to regulate the internal expansion. 

This report documents the performance of a low-angle wedge nozzle with a design 
nozzle pressure ratio of 3 1.5. The nozzle was only evaluated in the afterburner-off 
configuration with a throat to maximum internal exit-area ratio of 0.26. Static test  re-  
sults a r e  presented for three different shroud positions. Effects of external flow with 
the retracted shroud were obtained at subsonic speeds. 

SYMBOLS 

A area  

D drag 

d diameter 

P thrust 

L axial length of wedge (used in static test facility) from station 8 plane to tip, 
16-17 in. (41.07 em) 



P total pressure 
- 
P atrerage pressure 

P sb t i c  pressure 

R internal radius of primary duet (shtiola 7 )  

r radial distance from center line 

T total temperature 

w weight-flow rate 

( )  corrected secondary-weight-flow-rate ratio, w J i  

x axial distance measured from station 8 plane 

8 circumferential position, deg 

Subscripts: 

i ideal 

j jet 

max maximum 

P primary 

s secondary 

x condition a t  axial distance x from the nozzle lip 
r 

z condition at lateral distance z from the centerline at station 8 plane 

0 ambient 

1,293 wind tunnel model stations (see fig. '7) 

7 nozzle inlet 

8 nozzle lip 

9 nozzle exit 

APPARATUS AND PROCEDURE 

Static Test Facility 

InstALa%ation, - The in ternd  ppedormanaee of the 82,66-inch (30.6- ern) w d g e  nozzle 
was  obtained in the Lewis Research Ce~~der 's  static test stand, SW-24. (fig, I),  The 



nozzle was installed in  a. test chamber that was comected to the laboratory combustion 
a i r  and alditt~de exhallst facibiUes. The nozzle was momled from an a&p%;er section that 

contained a bellmouth inlet for the primary air supply. The adapter section was rigidly 
athched to a bedplate that was freely s~lspended by four f lemre rods. Both edernal  a ~ d  
internal pressure forces acting on the nozzle, bellmouth, and adapter were transmitted 
from the bedplate through a bell crank to a calibrated bahnced-air-pressure-diaphsagm 
load cell which was used in measuring thrust. A labyrinth seal  around the inlet section 
ahead of the adapter sealed the primary inlet a i r  from the exhaust plenum chamber. 
"he space between the two labyrinth seals was vented to the test chamber to decrease 
the pressure differential across the second labyrinth seal. This prevented a pressure 
gradient on the outside of the diffuser section and minimized the flow of a i r  under the 
labyrinth seal. Total-pressure and wall-static-pressure measurements were used a t  
the bellmouth inlet to compute inlet momentum. 

The nozzle primary airflow w was calculated from pressure and temperature 
P 

measurements at the air metering station (fig. 1) and an effective area was determined 
by an ASME calibration nozzle. The secondary airflow ws was measured by means of 
a standard ASME flowmetering orifice in the external supply line. 

Nozzle pressure ratio was set  by maintaining a constant nozzle inlet pressure P7 
and vargng the tank pressure po with the use of exhausters. Each configuration was 
tested over a range of pressure ratios appropriate for each shroud position. 

Thrust measurement. - Jet thrust was calculated from load-cell measurements 
corrected for tare  forces. The measured mass-flow rates were used to calculate ideal 
jet thrusts for each flow, assuming isentropic expansion from their measured total 
pressures (P7, Ps) to po. The data a re  presented in the form of nozzle gross thrust 
coefficient: 

Nozzle gross thrust coefficient = - 
Ti' 

A nozzle efficiency parameter is also presented and defined a s  the ratio of jet thrust 
to the combined ideal thrust of the primary and secondary flows: 

Nozzle efficiency = Fj 
F. + F. 

I,&' 1,s 

F r o ~ s i o n  was made to equate the ideal imust  of "Le seconhry  to zero if i ts total pres- 
sure was less than po. Review of the data following the test program indicated that this 
did occur for some of the results presented in this repost, These data a re  identified as 
h i l e d  symbols on the f ipses .  The thmst system was calibrated by using standard 
ASME sonic aaozzles with two different %taroat sizes (fig. 2 The nozzle tested iae~ein 



had a "coal area of 26.21 square inches (169 sq cm) which falls between the two ASIdEE 

nuzzles shown. The measured performance of the ASME nozzles was compared with 

theoretical performance ealeulated from ASME flow and velocity coefficients oP 0.9935 

and 0.996, respec"ci-ely, m e n  from referealce 4, The results indicate a p p r o ~ m a l e l y  
a &I- and &%/2-percent scatter in force measurements vAth the small. and large throat 

areas, r espec~ve ly .  
Nozzle configurations. - The nozzle configuration consisted of a 10' half-angle 

wedge centerbody attached to a simulated circular afterburner (fig. 3 (a)). A secondary 
flow passage is provided between the primary and the outer cylindrical nacelle for cool- 
ing the simulated afterburner and primary nozzle. The ratio of minimum secondary 
flow area to maximum exit area was arbitrarily selected to be 0.083. Cutouts in  the 
sides of the wedge provided access for secondary flow for plug cooling air or for base 
bleed with truncated wedge configurations. The nozzle throat area  was fixed in the 
supersonic-cruise configuration with a throat area  to maximum internal exit a rea  ratio 
of 0.26, which resulted in a design pressure ratio of 31.5. The maximum primary flap 
angle of 10' occurred only at the plan view centerline (top and bottom) and washed out 
to 0' at the sides of the wedge (fig. 3 (b)). A cylindrical outer shroud is translated to 
regulate internal expansion. The shroud is retracted at low pressure ratios and ex- 
tended a s  pressure ratio increases. Translation was simulated in this test through the 
use of three fixed-length shrouds (fig. 3 (c)) . Henceforth, these three shroud lengths 
a r e  referred to  a s  retracted, mid-position, and extended. The extended shroud length 
was determined such that the initial Mach line from the shroud trailing edge would inter- 
cept the wedge tip. Tests were made with and without shroud sideplates which also 
were swept a t  this Mach angle (25' 30'). These sideplates were only tested on the ex- 
tended and mid-position shrouds. Details of the contour of the forward portion of the 
wedge a r e  shown in figure 3 (d) and the coordinates a r e  given in table I. 

Instrumentation. - Primary and secopdary total pressures were measured with 
pitot probes, as shown in figure 4. The primary total pressure at station 7 was calcu- 
lated using pressures from the nine-probe area-weighted total-pressure rake and four 
static-pressure orifices located around the primary flow channel perimeter. Two ther- 
mocouples a r e  also included a t  station 7 to determine the primary air  temperature T7. 
A typical primary total-pressure profile of the flow at station 7 is shown in figure 5. 
The flow is assumed to be circumferentially uniform. The secondary total pressure 
was measured with three two-probe rakes, as shown in figure 4(a). Secondary total 
temperahre was determined from thermocouples located a t  90' and 180'. The wedge 
contained three axial rows of 14  static-pressure orifices. The axrial locations of these 
static-pressure orifices a re  given in the table vvith figure 4(a). Static-pressure orifices 
were also located in the shtion 8 phne (slightly downstream of the geometric throat), 
figure: 4@), an the wedge and just inside the cowl lip. 



hskllatioas. - Che nozzle conf igra t io~a  was tested In the wind tt~~in~ael to determine ----- rn 

ure ex2ernal fiow effects at oft-design speeds frowe static conditioi~ "e Mach 1, 0 .  The 

installation of this model in the -wind krnnel is shown iri figures 6 and '7. The d e k i l s  of 
the wedge nozzle geometry a r e  presented in f i m r e  8*  This nozzle was a scaled-down 

version of the static test  model but differed from the internal performance model in that 

the forward portion of the wedge, upstream of the nozzle throat, had a shorter  leading 
edge to the nozzle throat, a s  shown in figure 8(c). The f o r w u d  portion of the wedge ' 

was constructed from circular a r c s  with radii of curvature to model diameter ratios 

(r/dmax) of 0.71 and 0.059. The nozzle was evaluated on an 8. !%inch (21.6-ern) jet- 

exit model mounted in the transonic tes t  section of the Lewis 8- by 6-Foot Supersonic 

Wind Rimel .  The grounded portion of the model (fig. '7) was supported from the hunnel 

ceiling by a thin vertical s trut  with a 5Q. 25-inch (121.63-cm) chord and a. thickness-to- 

chord ratio of 0. 03 5 This straight s t ru t  had leading- and trailing-edge wedge angles 

of 10'. The model used a closed nose with an Z/dmax of 3.0, followed by a cylindrical 
section back to  the nozzle attachment station. R i m a r y  and secondary a i r  were pro- 

vided by means of airflow supply lines which entered the model through the hollow sup- 

port strut (fig. '7'). Both flow ra tes  were measured by means of standard ASME sharp- 

edge f lomete r ing  orifices located in the external supply lines. These flows were 

brought through the s t ru t  athigh pressure and velocity to minimize tube diameters and 

thus to mainkin a thin strut.  Both flows entered the model at right angles t o  the force 

axis, which eliminated the need to account for any inlet momenbm forces. A uniform 

primary flow was maintained by using choke plates and a screen upstream of the nozzle 

inlet station. Both the primary and secondary flows were m a i n t ~ n e d  a t  room teanpera- 

ture . Since the amhied  pressure is constant in the willd tunnel for a given free-stream 

Mach number, nozzle pressure ratio is varied by changing the internal total pressure,  

Maximum nozzle pressure ratio varied from 6 at  Mach zero to abot1.t 10 at Mach 1.8. 

Thrust measurement. - The metric portion of the model, which includes the hori- 

zontal primary and secondary a i r  bottles and exhaust nozzle, was cantilevered by flow 

tubes from supply manifolds located outside of the tes t  section. The a i r  bottles were 

supported by front and r e a r  bearings. The axial forces acting on the floating portions 

of the model were transmieed to the load cell located in the nose of the model. A 
water-cooled jacket s u r r o u d e d  the load cell and maintained a constant temperature of 

9Q0 F (305.5 K) to eliminate e r r o r s  in the cafibration caused by variations in model. 

temperahre  from aerody-rlamie iaeating. A static calibration of the load cell was ob- 

h ined  by applpaag h l o m  forces to the floating section and measrxring the outp~tt  of the 

load cell. 
The load-cell reading% wesc eor~eetetl  for inberr~al kire furca:s using She measaired 



tare pessures  pa, and pg) sliowri iil ligrlie 7. The load cell nteasured the axial 

force acting on the flosi-iaag section sf the rnodcl. This force included internal thrust and 
the external drag acting ckownstreanrr of station 93,65 inches (238 em) the locatiorm of: the 

skin break, The   nod el was tested only at zero degrees angle of a"cck. 
The nozzle performance pd-esented herein excludes the friction &ag on the cylizi;;&as;i- 

cal portion of the floating section between stations 93 .65  inches (238 cm) and 122.84 

inches (312 em). The downstream end of this section was arbitrarily selected to be the 

nozzle attachment station. The friction drag on the model between stations 93.65 inches 

(238 cm) and 122.84 inches (312 em) was calculated using the semiempirical, flat-plate, 

local skin-friction coefficient from reference 5. The coefficient accounts for variations 

in boundary-layer thickness and flow profile with Reynolds number and free-stream 

Mach number. Previous measurements of the boundary-layer characteristics a t  the aft 

end of this jet-exit model (ref. 6) indicated that the profile and thickness were essen- 

tially the same a s  that computed for a flat plate of equal length. The average ratio of 
measured boundary-layer momentum thickness to model diameter was about 0.020 for 

the jet-exit model over the range of Mach numbers tested. The strut wake appeared to 
affect only a localized region near the top of the model and resulted in a lower local 
free-stream velocity than measured on the side and bottom. Therefore, the results of 

reference 5 were used without corrections for three-dimensional flow or strut interfer- 
ence effects. The calculated friction drag was, therefore, added to the load-cell read- 

ing to obtain the overall thrust-minus-drag of the exhaust nozzle. 
The measured mass-flow rates were used to calculate ideal jet thrust for each flow, 

assuming isentropic expansion from their measured total pressures to po. Nozzle 
gross thrust coefficient is defined a s  the ratio of the measured thrust-minus-drag to the 
ideal thrust of the primary flow: 

F - D  Nozzle gross thrust coefficient = -------- 
Fi, p 

The data a re  also presented a s  nozzle efficiency defined a s  thrust-minus-drag ratio to 
the ideal thrust of both the primal-y and secondary flows: 

Nozzle efficiency = I ? - D  

'i, p + 'i, s 

Nozzle configuration. - As mentioned earlier, only one confiwration was tested in -- 
the wind Gunnel to determine external flow effects at s u b s o ~ e  speeds. At these flight 
conditioras the nozzle pressure ratio is generally Bow and the external shroud is re-  

tracted (fig, 8(a)). The primary throat area again was eq~ral to 26 percenhof the maxi- 
irvlplavr internal e x i t  area, This thrtsa.t area was used lo simulate both d ry  aceeleratior? 



and subsonic-cruise power settings. The primary nozzle (fig, 8b)) was sealed d o m  
from the 12.06-inch (36.6-em) &ameter static test model, The wedge (fig. 8 (c)) &if- 

bered from the internal performance model in that the forwwd portion upstream of the 
nnozzle throat had a shorter leading edge. This contour was modified following the wind 
turnel test to improve the flow profile at the geometric throat station prior to the static 
test program. 

Instrumentation. - The nozzle instrumentation was similar to that described for the 
static test. The rake used to obtain the primary total pressure was different and is 
shown in figure 9. Primary total-pressure profile of the flow approaching the primary 
nozzle is presented in figure 10. The nozzle inlet total pressure P7 was obtained by 
integrating the pressure across an area-weighted rake located in the primary-flow 
passage (station 7). 

RESULTS AND DISCUSSION 

The turbojet nozzle pressure ratio schedule shown in figure 11 was used as a guide 
for setting the nozzle pressure ratio. This schedule is typical for an afterburning tur- 
bojet engine that is applicable to a supersonic-cruise aircraft. For each configuration, 
data were taken over a range of nozzle pressure ratios. Internal performance obtained 
from the static test facility will be discussed initially. The effect of external flow on 
the retracted shroud configuration will then be presented a t  subsonic speeds from 
Mach 0 (static condition) to 1.0. 

Internal Performance 

Supersonic-cruise configurations. - Thrust and pumping characteristics for 
supersonic-cruise configurations a re  presented as a function of nozzle pressure ratio 
for the extended shroud with and without sideplates in figures 12 (a) and (b), respectively. 
The effect on internal performance of variations in corrected secondary weight flow 
from 0 to about 15 percent of the primary flow a r e  also included. 

The ma imum nozzle pressure ratio in the static test facility was limited by the 
nozzle weight-flow rate and the capacity of the altitude exhausters. For the size model 
used, the maximum pressure ratio was limited to approximately 20. The experimental 
results were e%traplated to higher nozzle pressure ratios. This edrapolation is valid 
if the stream t b u s t  parameter is constant and independent of the nozzle pressure ratio; 
that is, if the nozzle is flowing full. The extrapolation simply corrects the nozzle exit 
momearbm for mriatians in. pOAg as the free-stream pressure is reduced to increase 



parameter m s  consbnt and independent of nozzle pressure ratio ;ad the highest pressure 
ratio obkined during the test, The suprsonie-cruise  pressure ratio for an afterburn- 

ing turbojet is indicated in figare 12. 
The internal performance at a su-prsonic-cruse pressure ratio of 29 and a 

corrected- secondary- weight-flow ratio of 0.025 was 97.4 percent, which was about 
1 percent lower than that obtained with a typical axisymmetric ejector nozzle that was 
reported in reference 7. It appears that the nozzle efficiency at supersonic cruise 
peaked at a corrected secondary weight flow from 2.5 to 4 percent of the primary flow 
(fig. 12 (a)). The configuration with swept sideplates (fig. 12 (a)) had about 1/2 percent 
higher nozzle efficiency than the extended shroud without sideplates at the supersonic- 
cruise condition (fig. 12 (b)). 

Static-pressure measurements a t  the station 8 plane indicated a somewhat distorted 
velocity distribution (fig. 13). The flow was near sonic over most of the wedge surface 
but slightly supersonic (%I = 1.24) in the corners. This was apparently caused by the 
intersection of the wedge and cowling tending to force the throat upstream at the edges. 
The measurements also indicated supersonic flow along the inner surface of the primary 
flap (M = 1.10 to 1.20). However, the internal statics on the flap were located very 
close to the base of the primary lip and could have been influenced by the low base pres- 
sure feeding in through the boundary layer. 

Static-pressure measurements on the centerline of the wedge surface downstream of 
the throat indicated that at the design pressure ratio the flow would expand to free- 
stream static pressure in about 40 percent of the wedge length (fig. 14(a)) with an ex- 
tended shroud. Static pressures along the sides of the wedge were initially lower than 
the centerline pressure but were higher over the second quarter of the wedge. The ini- 
tial overexpansion of the flow along the wedge sides was consistent with the supersonic 
flow previously shown at the corners of the geometric throat station. The addition of 
sideplates increased the centerline pressure beyond x/L = 0.70 and increased the pres- 
sure along the sides of the wedge beyond x/L = 0.55. 

Takeoff configurations. - The static test facility can also be used to measure per- 
formance at takeoff where external flow effects a re  insignificant. At this flight speed 
the nozzle pressure ratio is low and the external shroud would generally be retracted for 
peak thrust efficiency. The thrust and pumping cb;tracteristics of the retracted shroud 
and mid-position shroud configurations a r e  presented in figures 15 (a) and (b). The fixed 
primary area used in this investigation simulates a dry takeoff. For a typical takeoff 
pressure ratio of 3 .0 ,  the nozzle efficiency was approximately 96.5 pereent with 
2 .5  percent corrected secondary weight flow. However, the pumping characteristics, 
shown in fimre 46, indicate that the retracted shroud configuration will not p r o ~ d e  sec- 
ondary faow from a free-stream source* The pt~mping eharacderialies of "che mid- 

nozzle pressure ratio. It i s  evidemi; in fimres %2(a) and (%) that the stream thrus t  



position shroud are somewlaat improved over those of the retracted skProrad at takeoff, 

The thbsd  eEicieney of the mid-position shroud was about 96 pscerxi at l&eoff 

(fig. 95@)), wMeh was only a 1/2 percevke lower than that obtained with the retracted 
shoud .  St a p F a r s  that the extended shroud could pump aplproamatelgr 2 .5  percent 
corrected secondary weigIaG flow ad takeoff (fig. 16)- However, full extension of the 
shroud to improve the pumping characteristics reduced the nozzle efficiency to about 
94 per cent. 

External Flow Effects 

The configuration with the retracted shroud was tested in the wind tunnel to deter- 
mine the effect of external flow on nozzle performance at subsonic speeds from Mach 0 
to 1 .0  (fig. 17). Thrust and pumping characteristics a r e  presented a s  a function of 
nozzle pressure ratio for a nominal corrected-secondary-weight-flow ratio of 0.035. 
The fixed primary throat area  simulates both dry acceleration and subsonic-cruise con- 
ditions. At most Mach numbers tested the nozzle efficiency was rather insensitive to 
nozzle pressure ratio. For example, a t  Mach 0.90 the nozzle efficiency was approxi- 
mately 93 percent for a nozzle pressure ratio range from 3. 2 to 5.70. The insensitivity 
to pressure ratio probably resulted from low external drag. The projected a rea  of the 
primary flap was only 4.8 percent of the maximum model area. In addition, the pri- 
mary flap angles were low, varying from a maximum of 10' a t  the top and bottom to 0' 
a t  the sides. 

The nozzle efficiency and secondary total-pressure requirements for the wedge 
nozzle a r e  compared to a conical plug nozzle at subsonic speeds for the assumed flight 
trajectory in figure 18. The two nozzles a r e  compared for a dry takeoff and accelera- 
tion and also for subsonic cruise. Data a r e  shown for nominal values of corrected- 
secondary-weight-flow ratio. At the dry acceleration trajectory the nozzle efficiency 
of the wedge was about 1 percent lower than that of the conical plug nozzle. However, 
a t  subsonic-cruise condition the wedge nozzle was about 1 percent higher in nozzle effi- 
ciency. This again probably resulted from lower external drag for the wedge nozzle 
compared to the conical plug. The plug nozzles from reference 8 had primary flap 
areas  that were 18 per cent of the maximum model area  and flap angles from 14' to 11'. 
However, the wedge nozzle requires higher secondary total pressure than the conical 
plug nozzle during dry acceleration. The secondary todal-pressure recovery of the two 
nozzles a re  simibar at subso~c-cru i se  eon&tion, where the secondwy total pressures 
a r e  about e q a l  to free-stream static pressure po. 



h experimenb% investigation v a s  conducted in the Lewis Research Center's skit ic 

test stand and 8- by 6-Post Supersonic Wind %ne% to determine the  performance of a 
wedge nozzle with a design nozzle pressure ratio of 31.5. The nozzle throat area was 
fixed in the afterburner-off configuration with a throat to maximum internal exit area  

ratio of 0.26. Three fixed shroud positions were tested to simulate a translating outer 
cylindrical shroud. The corrected-secondary-weight-flow ratio was varied from 0 to 

15 percent of the primary flow. Data were obtained at nozzle pressure ratios up to 20. 

The nozzle performance was extrapolated to the design point for the fully extended 

shroud configurations. An 8.5-inch (21.6- cm) wind tunnel model, scaled dovn from the 
12.06-inch (30.6-cm) static test facility model but with a different wedge throat 

approach section, was tested to Mach 1.00 with a fully retracted external shroud and 
with a nominal corrected secondary weight flow of 3.5 percent. The following results 

were obtained: 
I. Internal performance at a supersonic-cruise pressure ratio of 29 and a cor- 

rected secondary flow ratio of 0.025 was 97.4 percent, which was about 1 percent lower 

than that obtained with a typical axisymmetric ejector nozzle. 
2. A configuration with swept sideplates on the translating shroud had about 

1/2 percent higher nozzle efficiency performance than one without sideplates. 
3, Static-pressure measurements a t  station 8 plane (slightly downstream of the 

geometric throat) indicated a somewhat distorted velocity distribution. The flow was 

sonic over most of the wedge surface but was slightly supersonic = 1.2) in the cor- 

ners  and along the inner surface of the primary flap. 
4. Static-pressure measurements on the centerline of the wedge surface down- 

stream of the throat indicated that a t  the design pressure ratio the flow would expand to 
free-stream static pressure in slightly over 40 percent of the wedge length. Static 

pressures toward the sides of the wedge initially were lower than the centerline pres- 
sures  but were higher over the second quarter of the wedge. Addition of swept side- 
plates increased the centerline pressures only on the last quarter of the wedge. These 

sideplates were also effective in increasing pressures along the sides of the wedge over 
i ts  latter half. 

5. The internal performance and pumping characteristics a t  a takeoff pressure 
ratio were sensitive to the external shroud position. In general, fully extending the 

shroud improved the pumping characteristics but reduced the nozzle efficiency from 
96.5 to 94 percent. 

6. The thrust efficiency of the wedge nozzle was about 1 p r c e n t  lower than that of 
a conical plug nozzle during dry acceleration but 1 percent higher than the conical plug 
at st~bsonic cruise. 



7, f7rorn takeoff to Mach 0-90,  Lhe nozzle e f f i c i e ~ ~ c g  was rather t i t sens i t i ' ?~~ to  

n~;l,zle pressure ratir; at each Mach number,  For example, at Mach 0.90, a nozzle effi- 

ciency of 93 percent w a s  obbineci over a nozzle pressure ratio range fro111 3-20 to 5.9.  
This insensitivity to pressure rakio probably resulted from low external drag. The pro- 

jected a r e a  of the primary flap was only 4. 8 percent of the maximum model area. In 
addition, the primary flap angles were low, varying from a m a m u m  of 10' at the top 
and bottom to 0' a t  the sides. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, September 22, 1970, 
720-03. 
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TABLE I. - COORDINATES OF WEDGE SURFACE 

UPSTREAM OF STATION 8 

Station 8 



SchP,,,atic view of nozzle instailation in static test BcilitY. 
Figure 1. - 



;External sh roud  details shown in f igu re  3 (c) 

(a) Assembly of wedge nozzle. 

Figure 3. - Qelaiis of rtalic test faciiiiy wedge nozzle, (Dinier~sions are in inci-res icin).) 



rRetracted shroud, X/dmax = -0.271 
'$ 

', Extended sh ro~d ,~ /dmax  =0.359 
\ 

LI Shrouds without sideplates 

yMid-position shroud, 'ldmax =O. 063 
\ 

\\\ 
Extended shroud, 'Idmax = 0.359 

\ H 

U Shrouds with sideplates 

(c) External shroud dimensions and configuration definitions. 

Figure 3. - Continued. 



rl. 24 (3.151 d through, two holes 180' apart 
I I 

0.175 'c0.318) / 

B-B 

(b) Details of primary nozzle. 

Figure 3. - Continued. 



,-Fair smooth typical 

,052 (0.132) (relerencet-,, 

r .005 (0.013) R (maximum) 

-'. 275 (0.698) (basic) 
B-B 

14.808 (37.612) (reference) 

(d) Details of wedge. 

Figure 3. - Concluded. 





(b) Station 8. (Dimensions are i n  inches (cm). 

Figure 5. - Primary-total-pressure profile at station 7 
i n  nozzle static test facility. 

Figure 4. - Concluded. 



Figure 6 .  - 8.5-Inch (21.6-cm) wedge nozzle installed on the wind tunnel support model. 



r P~t r i?dry  air / S ~ o i r d a r y  d i r  

/' ineier trig orrfice meter~ng orifice 

I > #  ln,aky a < (  
- T'-!-& -- / 

2 Oh- --"--Y i d - -  -- 3 f i  r k  
&--,-!J L -AT-- 

-a L- ( ; +- S ~ ~ u n d a r y  d ~ r  

Secondary a i r  bottle-/ 

Figure 7. - Nozzle support model and t h r u s t  measuring system for 
8- by 6-Foot Supersonic Wind Tunnel. (Dimensions are i n  inches (em).) 

C-C 

(a) Assembly of 8.5-inch (21.6-cm) wedge nozzle. 

Figure 8. .- Details of 8- by 6- Foot Supersonic Wigid Tunlrei 
wedge nozzle. iDimeirsions are iirches (c~ni .  i 



0.081 (0.206) (2.24) d through, two holes 180°apari 

0.005 (0.013) r, (maximum)J ; 
I 

0.01 r (0.025) (maximum)' 

(b) Details of pr imary nozzle and external shroud. 

Figure 8. - Continued. 



1.48 ( 3.759) 
r0.02 (0.051) r (maximum, typical) 

88 (2.235) diameter through, two holes 
180' apart (locate from fig. 8 (b) 

15" (typical) 
, d l 5 0  (I. n) C-C 

0.068 (0.173) (typical) 

Contour to be faired smooth-/' 
LSharp corner, fa ir  smooth with mating part (typical) 

B-B 
( c )  Details of wedge. 

Figure 8. - Concluded. 



Nozzle station: 7 8 
I I 

Secondary air flow 

@ Static-pressure orifice 
o ~ota l -pressure  orifice 
e, Thermocouple 

a ~ =  3.006 in. (7.635 cm); 
r= radial distance from centerline to local 

Figure 9. - 8.5-Inch (21.6-cm) wedge nozzle instrumentation at station 7. (Dimensions are in inches (cm).) 



Local- to average-total-pressure ratio, P71& 

Figure 10. - Primary-total-pressure profile at station 7 in wind t u n -  
nel support model. 

F igu re  11. -Assumed nozzle pressure ratio schedule for a turbojet engine. 



.6  

.4 

.2  

0 4 8 12 16 20 24 28 32 
Nozzle pressure ratio, P71p0 

(a) Extended shroud with sideplates. 

Figure 12 - Effect of nozzle pressure ratio on  nozzle performance, supersonic-cruise configurations. 



Cor rected-secondary 
weight-flow ratio, 

u 4 -  

.6 ii 
i 
a, * 
E 

.4 k 
ti 
2 . 2  5 
E m 
z 
5; 

0 4 8 12 16 20 24 28 32 
Nozzle PI 

. . 

'essure ratio, P7lpO 

(b) Extended shroud without sideplates. 

Figure 12. - Concluded. 



Figure 13. - Local Mach number and pressure distribution 
at  station 8 plane; nozzle pressure ratio, P71P, = 19. 

(b) Extended shroud with sideplates, P71p0 = 31.5. 

Figure 14. - Static-pressure distribution on wedge surface. 



Corrected s ~ c o n d a r y  
ivetqht flow ratlo, 

id-/? 

0 0 
17 .024 
A .042 
D '100 
0 ,145 

(a) Retracted shroud  wi thout  sideplates. 
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Figure 15: - Effect of ricizzle presslire ratio on nozzie performance, takeoff configurations 



Corrected-secondary-weight-flow ratio, w 

F i g ~ i r e  16. - Effect of external sh roud  posit ion o n  secondary-total- 
pressure recovery at takeoff w i t h  a nozzle pressure rat io of 3.00. 



Free-stream 
Mach number, 

Mo 
0 0 

.60 
0 .70 
n .ss 
D .90 
0 .95 
n 1.00 

Tailed symbols denote 

ps<po  

Figure 17. - External flow effects on nozzle performance characteristics with a retracted 
shroud for a nominal corrected-secdndary-flow-ratio, (wslwp) m= 0.035. 



0 Wedge nozzle, (w Iw ) m- 0.035 
C o n i o l  plug, (ws& j  $= 0. DM (ref. 81 

Solid symbols denote subsonic cruise 
Open symbols denote dry acceleration 

Free-stream Mach number, Mg 

Figure 18. -Comparison of wedge nozzle to a conical plug 
nozzle at subsonic speeds. 
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